In this study, 2 wild-type Newcastle disease viruses (NDVs), designated as CK/GX/65/15 and CK/GX/26/15, were isolated from asymptomatic chickens in Guangxi province, China. They were identified as lentogenic NDV with mean death time (MDT) above 90 and intracerebral pathogenicity index (ICPI) below 0.7. The results of complete genome sequence analysis show that the 2 NDV strains are members of class I genotype 3 with the length 15,198 nt, which followed the "rule of six" and the order 3 -NP-P-M-F-HN-L-5 . In addition, 8 amino acid substitutions were identified in the functional domains of fusion protein (F) of CK/GX/65/15 and 9 in CK/GX/26/15, whose amino acid sequences of F protein cleavage site are 112 E-R-Q-E-R-L 117 . The isolates were found to be apathogenic in specific pathogen free (SPF) chickens and ducks without morbidity or mortality. Furthermore, the protection study shows that isolates can provide the same effective protection against a major NDV virulent strain in China (class II genotype VII) as the commercial vaccine LaSota. Moreover, vaccination with isolates reduced number of chickens shedding virus compared to those vaccinated with LaSota. In conclusion, 2 wild-type NDV strains exhibited fine protection efficacy against genotype VII NDV in poultry and can be considered as candidate vaccines against NDV.
INTRODUCTION
Newcastle disease (ND) is caused by infections with virulent strains of Newcastle disease virus (NDV), which has caused severe economic losses and remains a major threat to the poultry industry all around the world (Rauw et al. 2009; Umali et al. 2014; de Bruyn et al. 2017 ). NDV has a broad host range, and it has been demonstrated in at least 250 species in most orders of birds (Ren et al. 2016) . NDV also known as avian paramyxovirus type I (APMV-1) belongs to the genus Avulavirus within the family Paramyxoviridae (Alexander 2000; Afonso et al. 2016) . Its genome is a negative-sense, single-stranded, non-segmented, and enveloped RNA, which encodes 6 virus-specific structural proteins (Alexander 2000) . Among these 6 proteins, the F protein is associated with a variety of biological activities and can direct viral fusion activities by interacting C 2018 Poultry Science Association Inc. Received May 23, 2018 . Accepted October 16, 2018 Corresponding author: qmx@scau.edu.cn with the HN protein (Abenes et al. 1986 ). The cleavage site sequence of the F protein is a major determinant of NDV virulence (Peeters et al. 1999; Panda et al. 2004) .
NDVs are divided into 3 major pathotypes (lentogenic, mesogenic, and velogenic) based on the mean death time (MDT), the intracerebral pathogenicity index (ICPI), and the intravenous pathogenicity index (IVPI) (Alexander 2000; Corr et al. 2003) . Studies have shown that NDV has only 1 serotype, but the results of the virus neutralization test, agar diffusion test, and monoclonal antibody test show that there are certain antigenic difference between different NDV strains (Hao et al. 2014 ). According to its genome length and the hypervariable region (HVR) evolution analysis of its F gene, NDV can be divided into class I and class II, with 9 genotypes (1 to 9) in class I and eleven genotypes (I to XI) in class II (Czegledi et al. 2006; Miller et al. 2010; Diel et al. 2012) .
Since the first report in 1926, there have been 4 cases of world ND pandemic caused by class II NDVs. Genotype VII has become the predominant cause of the current prevalence of NDV in China and around the world (Qin et al. 2008; Bogoyavlenskiy et al. 2009 ; Ke et al. 2010; Yi et al. 2011) . Moreover, the vaccine strains used around the world belong to class II, such as LaSota. Compared to class II NDVs, class I strains were found relatively later and most of them are lentogenic strains or avirulent strains. Previous studies have shown that class I strains come only from wild and domestic waterfowl, but there is an increasing amount of evidence suggesting that they can also be found in chickens Zhu et al. 2014) . Furthermore, a study shows that some NDV strains can significantly enhance their virulence in hosts by continuous passage under laboratory conditions (Shengqing et al. 2002) . The above showed that the virulence of class I NDVs has the potential to be enhanced, and their host ranges are expanding constantly from waterfowls to chickens. Thus, research in the genetic and biological features of chicken-derived class I NDVs compared with class II NDVs is vital to help us to understand for the control and prevention of the ND.
In this study, we analyzed the molecular biology and pathogenicity of 2 new wild-type class I NDVs and investigated their pathogenicity in chickens and ducks. More importantly, the protection efficacy of the 2 isolates on chickens challenged with CK-JSX1 was detected, which compared with the common vaccine strain LaSota.
MATERIALS AND METHODS

Ethics Statement
The animal study protocol was approved by the South China Agricultural University Committee of Animal Experiments. The experiments were closely followed in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Viruses Isolation and Identification
The NDV/China/Chicken/Guangxi/65/2015 (CK/ GX/65/15) and DV/China/Chicken/Guangxi/26/2015 (CK/GX/26/15) were isolated from cloacal swabs of apparently healthy yellow feather chickens from a farm located in Guangxi province. Briefly, the samples were placed separately in phosphate-buffered saline (PBS) containing penicillin (2000 IU/mL) and streptomycin (2 mg/mL) and freeze-thawed 3 times at −80
• C. After centrifugation, supernatants were inoculated into the allantoic cavity of 9 to 11-day-old specific pathogen-free (SPF) chicken embryos (Guangdong Wens Dahuanong Biotechnology Co., Ltd., China). Their allantoic fluid was collected after 72 h of incubation at 37
• C and tested for hemagglutination activity (HA). All HApositive samples were further identified by means of the hemagglutination inhibition (HI) test with chicken NDV standard positive sera and avian influenza virus (AIV) H1-H16 positive sera according to the OIE operation standard (Oie 2015) . The NDV-and AIV-positive sera were presented by the Harbin Veterinary Research Institute. The allantoic fluid samples that can be inhibited by NDV-positive sera but cannot be inhibited by AIV-positive sera were then separately serially plaquepurified 3 times on primary chicken embryo fibroblasts, as described elsewhere (Harper 1989) . Then, a further assessment of the MDT and ICPI was conducted following standard protocols by using SPF chicken embryos and SPF chickens, respectively (Oie 2015) .
RNA Extraction, RT-PCR, and Sequencing Analysis
Total RNA was extracted from the allantoic fluid using the AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen, USA) following the manufacturer's instructions. The RNA was used as a template for amplification according to the manufacturer's protocol (TaKaRa, China, PrimeScript One Step RT-PCR Kit Ver.2) in a 50 μL reaction mixture. Twelve pairs of primers were designed to amplify the whole genome sequence of the NDVs, as shown in Table 1 . The thermocycling conditions for RT-PCR were 50
• C for 30 min, 94
• C for 5 min followed by 32 cycles of 94
• C for 30 s, 55
• C for 30 s, 72
• C for 1 min 40 s, with a final extension at 72
• C for 10 min. The PCR products were treated using the previous method to conduct genome sequencing (Feng et al. 2014; Li et al. 2016 ) (Shanghai Sang-gong Biological Engineering Technology & Services Co., Ltd). The 3 and 5 end sequences of both viral genomes were amplified by 3 -and 5 -rapid amplification of cDNA ends (RACE), which have been previously described elsewhere (Li et al. 2005) . Nucleotide sequence editing, assembly, and analysis were carried out using the Lasergene sequence analysis software suite (version 7.1; DNASTAR, Madison, WI, USA). The sequence was compared with the complete genomic sequences of other NDV strains and according to GenBank. A phylogenetic tree was constructed using the methods of previous studies (Zhang et al. 2013 ).
Pathogenicity of CK/GX/65/15 and CK/GX/26/15 in Chickens and Ducks
Forty-two 1-day-old SPF chickens (Guangdong Wens Dahuanong Biotechnology Co., Ltd) were randomly divided into 2 experimental groups of 16 each and a control group of 10. The chickens in 2 experimental groups were infected intranasally with 2 NDV isolates, respectively (CK/GX/65/15 and CK/GX/26/15) in a dose of 10 6 EID 50 /0.1 mL, while the control group was infected with PBS only. All groups were observed twice daily for clinical signs for 21 days post-infection (dpi). Oropharyngeal and cloacal swab samples were collected for the detection of virus shedding at 2, 3, 5, 7, 10, and 14 dpi. The swab samples were inoculated into SPF chicken embryos for virus isolation. Allantoic fluids that were harvested 72 h after incubation, showing hemagglutination, were considered as virus positives. Thirty 1-day-old Muscovy ducks (Guangdong Wens Dahuanong Biotechnology Co., Ltd) were randomly divided into 3 groups of 10 each. The method of detecting pathogenicity of CK/GX/65/15 and CK/GX/26/15 in ducks was the same as in chickens.
Protection Study
Fifty 1-day-old SPF chickens were randomly divided into 5 groups of 10 each. Groups 1, 2, and 3 were vaccinated intranasally with CK/GX/65/15, CK/GX/26/15, and LaSota, respectively, in a dose of 10 6 EID 50 /0.1 mL, while groups 4 and 5 were inoculated with PBS only. At 21 d old, all chickens in groups 1 to 4 were challenged intranasally with a virulent NDV strain (NDV/Chicken/China/JSX1/2010, abbreviated as CK-JSX1) in a dose of 10 6 EID 50 /0.1 mL. CK-JSX1 is a representative velogenic class II NDV genotype VII strain from China ). All groups were observed twice daily for clinical signs for 14 days postchallenge (dpc). Serum samples were collected from all groups at 0, 7, and 14 dpc to detect the NDV antibody titer. Oropharyngeal and cloacal swabs were collected for the detection of virus shedding at 3, 5, 7, and 11 dpc. The detection method is as described above.
Statistical Analysis
Statistical analyses were conducted using SPSS software (Version 22.0, SPSS Inc.). Independent-sample t-tests were carried out to determine statistically significant differences. Significant differences are indicated as * P < 0.05 and * * P < 0.01.
RESULTS
Virus Isolation, Identification and Virulence Assessment
Two NDV isolates were isolated from the positive cloacal swabs. The 2 NDV isolates were named as NDV/China/Chicken/Guangxi/65/2015 (CK/GX/65/ 15) and NDV/China/Chicken/Guangxi/26/2015(CK/ GX/26/15), respectively. The HA titers of CK/GX/65/15 and CK/GX/26/15 were 2 8 and 2 9 , respectively. They could be specifically inhibited by anti-LaSota serum but not by anti-AIV serum at HI titer of 2 4 . The isolates were plaque-purified on chicken embryo fibroblasts, and the pathogenicity assessment showed that 2 isolates are lentogenic strains, which CK/GX/65/15 with MDT >96 h and ICPI = 0, and CK/GX/26/15 with MDT >96 h and ICPI = 0.025.
Complete Genome Sequence Analysis of CK/GX/65/15 and CK/GX/26/15
The complete genome of 2 isolates was sequenced and submitted to the GenBank database (CK/GX/65/15, accession number MH274992; CK/GX/26/15, accession number MH274991). According to the results of whole genome sequencing, the length of 2 isolates both was 15,198 nt, which followed the "rule of six" and the order 3 -NP-P-M-F-HN-L-5 , a typical rule of the sub-family Paramyxovirinae. Compared with the genome sequences of the vaccine strain LaSota (15,186 nt), there was a 12 nt insertion (CGGGAAACGGGT in CK/GX/65/15 and CGGGAAACGGGG in CK/GX/26/15) in the P gene between nucleotides 2381 and 2382. The detailed information of molecular structural features and protein characteristics of NDV isolates is shown in Table 2 . The nucleotide sequence identity of isolates and 14 others representative NDV strains are shown in Table 3 . The complete genome of CK/GX/26/15 exhibited the highest identity (97.7%) with CK/GX/65/15. Analysis of homology also showed that 2 NDV isolates were most closely related to class I NDV strain CH-ZJ-10-03. The F proteins are the major players in NDV pathogenicity and virulence. The F cleavage site of the 2 NDV isolates was 112 E-R-Q-E-R-L 117 , which is a typical feature of a lentogenic pathotype. A comparative analysis of the consensus amino acid sequence of different NDV genotypes in class I was performed (Table 4 ). The substitution mutations S30A were found in the F protein of the NDV strain-CK/GX/65/15, while mutations A93T and E104D were found in CK/GX/26/15.
Non-coding Regions Analysis of CK/GX/65/15 and CK/GX/26/15
The lengths of 3 leader and 5 trailer sequences in the NDV isolates were 55 nt and 114 nt, respectively, which are the same as other NDV strains. The genomes started in 3 leader regions, and the genes were transcribed into separate mRNAs with a start-stoprestart mechanism controlled by the conserved gene start (GS), gene end (GE), and non-coding intergenic sequences (IGS) in the NDV genomes. The GS sequence of CK/GX/65/15 for the NP, P, M, F, and HN genes was ACGGGTAGAA, whereas for L gene was ACGGGTAGGA. But the difference in CK/GX/26/15 for the F gene was GCGGGTAGAA. Furthermore, the GE sequence of the 2 NDV isolates was the same, which for the NP, M, F, HN, and L was TTAGAAAAAA and for the P gene was TAAGAAAAAA. The ISG lengths of the 6 genes of CK/GX/65/15 were the same as CK/GX/26/15, the ISG lengths of NP-P, F-HN, and 
The numbers refer to amino acid positions in F protein. 2 The representative strain bears the amino acid residues that match. 3 The strains derived from chicken are showed in bold letters.
HN-L were 2 nt, 31 nt, and 48 nt, respectively, while the intergenic sequence of P-M and M-F was 1 nt (Table 2) .
Phylogenetic Analysis
A phylogenetic tree constructed on the basis of the complete genomic sequences of 42 representative NDV strains showed that the 2 NDV isolates belong to the branch in class I, as the same as Ch/ZJ/10/03 (Fig. 1) . Further phylogenetic analysis was based on partial sequences of the F gene (47 to 420 nt) of the class I NDV strains (Fig. 2) . Two NDV isolates were classified into genotype 3 in class I, and it was also found to be remarkably different to genotype 3a and 3b in class I. This indicates that we have isolated 2 novel wild-type NDV class I strains in chickens.
The Pathogenicity of NDV Isolates in Chickens and Ducks
No clinical signs were observed in all chickens and ducks before infection. After infection, no clinical signs, lesions, and mortality were observed in all groups during the course of the experiment (Table 5) , which implies that 2 NDV strains have no pathogenic ability in chickens and ducks. SPF chicken's oropharynx and cloaca swabs from the experimental groups had reached a high level of viral shedding at 5 dpi, in which no virus was detected from the control groups (Table 6) . From 14 dpi onward, no virus was detected in any chicken's swabs from CK/GX/65/15 and CK/GX/26/15 groups. The viral sheddings of oropharynx swabs in ducks were focused on 2 and 5 dpi, while cloaca swabs were focused on 5 and 7 dpi (Table 6 ). Altogether, these suggested that 2 NDV strains are lentogenic strains and can be well replicated in chickens and ducks.
Protection Test
A protection study was conducted by 2 NDV isolates (CK/GX/65/15 and CK/GX/26/15) and a vaccine strain LaSota. As shown in Table 7 , 2 NDV isolates (CK/GX/65/15 and CK/GX/26/15) and the vaccine strain LaSota can provide full protection against the challenge with the virulent NDV strain (CK-JSX1), with no morbidity (0/10) and mortality (0/10). In the non-vaccinated CK-JSX1-challenged group, all chickens showed messy feathers, slow action, anorexia, and neurological symptoms at 2 dpc before they died within 4 dpc (Table 7) . Neither clinical signs nor mortalities were observed in the 3 vaccinated groups and the control group.
The virus shedding of oropharyngeal and cloacal swabs was detected at 3, 5, 7, and 11 dpc (Table 8) . At 3 and 5 dpc in the LaSota-vaccinated group, there were, respectively, 70% and 40% of the oropharyngeal swabs detected as positive, which show higher positive rates than the CK/GX/65/15-vaccinated group and the CK/GX/26/15-vaccinated group. However, at 5 dpc, 40% of the cloacal swabs collected from the CK/GX/65/15-vaccinated group were positive, demonstrating a higher positive rate than the LaSotavaccinated group. From 7 dpc onward, no virus was detected in any swabs from 2 NDV isolates vaccinated groups, except 1 cloacal swab from the CK/GX/26/15-vaccinated group at 7 dpc.
The titers of NDV antibody were tested at 0, 7, and 14 dpc and show that the vaccinated groups have significantly higher titers than the control group (P < 0.01) (Fig. 3) . In the challenged group, there is a high level of antibodies at 7 dpc but they failed to provide effective protection against the CK-JSX1 for the chickens.
DISCUSSION
NDV has been in constant evolution, and it can be divided into 2 major classes: class I (1 to 9) and class II (I to XI) (Diel et al. 2012) . Class I NDV strains are mostly lentogenic and isolated from apparently healthy waterfowl (King and Seal 1997; Huovilainen et al. 2001 ). They were not well studied until a whole genome sequencing study was carried out for the first time on a Figure 1 . Phylogenetic tree constructed on the basis of the complete genomic sequences of 44 NDV isolates. Two isolates tested in this study are in bold. The tree was constructed using the neighbor-joining algorithm of MEGA 7.0, with a 1000 bootstrap trial to assign confidence to groupings. (Czegledi et al. 2006) . Currently, there are numerous class I NDV strains isolated from waterfowl and live poultry markets (LPMs) all around the world (Kim et al. 2007; Liu et al. 2011; Zhu et al. 2014) . Lentogenic NDVs have not been taken seriously as there was no clinical symptom in infected waterfowl. But in recent years, class I NDVs have been detected in the cloaca of domestic chickens, indicating that class I NDVs are able to spread from waterfowl to terrestrial poultry (Zhu et al. 2014 ). However, there are yet few studies probing into the molecular features and pathogenicity of class I NDV and their protection efficacy compared with LaSota.
Here, we described CK/GX/65/15 and CK/GX/ 26/15 as class I lentogenic NDV strains on the basis of the pathogenicity assessment and the complete genome analysis. Two isolates have typical characteristics of NDV, whose genome follows the order 3 -NP-P-M-F-HN-L-5 and the length is 15,198 nt. Phylogenetic analysis based on F gene sequence (47 to 420 nt) showed that 2 isolates belonged to genotype 3, which were different from sub-type 3a and 3b. The identity of 2 isolates is most closely related to the strain CH-ZJ-10-03 than to the strains D-AH-10-02 and G-JS-09-08 in class I. The NDV strains Ch-ZJ-10-03, D-AH-10-02, and G-JS-09-08 were isolated from chicken, duck, and goose, respectively (Jin et al. 2012) . The differences in genomic sequence among above 5 NDVs may be due to the source of virus, but it needs further studies. Furthermore, several amino acid sequence substitution mutations in the functional domains of the F protein of the 2 isolates were compared with several class I NDV strains belonging to different genotypes. In the 2 isolates, 3 amino acid substitutions were found in the signal peptide and 1 in the heptad repeat (HR) region. Amino acid substitutions at the signal peptide were reported to affect viral virulence (Romer-Oberdorfer et al. 2006) , while the HR region plays a role in the fusion activities of the F protein (Mcginnes et al. 2001) . These substitutions present a potential threat of ND epidemic; however, it also needs to be investigated further.
The original natural host of class I NDV was wild waterfowl, which plays an important role in preserving the virus (Kim et al. 2007a; Kim et al. 2007b; Liu et al. 2009 ). However, there are 21 class I NDV strains isolated from chickens, revealing that the virus has been transmitted across different species (Zhu et al. 2014) . In this study, the 2 class I NDV strains were also isolated from chickens, indicating that the isolations of class I NDVs from chickens have become more frequent. Thus, it is very important to study the pathogenicity of class I NDVs in poultry.
In order to evaluate the virulence of CK/GX/65/15 and CK/GX/26/15 in poultry, 1-day-old SPF chickens and ducks were infected intranasally and no case of morbidity or mortality was observed for 21 d. This result indicated that 2 isolates are low pathogenic virus, which does not cause clinical symptoms and mass death in poultry. In addition, the comparison of viral shedding showed that the 2 viruses can be replicated easily in poultry and they can be detected in oropharyngeal and cloacal swabs until 10 dpi. NDV could not only transmit via airborne route, but also via contaminated feed and water, and fecal-oral route (Saad et al. 2017) . The virulence of a pathogen transmitting horizontally upon contact between 2 hosts increases (Ferdy 2009 ). In our study, 2 isolates may cause potential transmission and virulence enhancement in poultry. Thus, it will be more helpful if we blind passage 2 wild-type NDVs in chickens and evaluate the ability to transmit between chickens. Given that CK/GX/65/15 and CK/GX/26/15 are lentogenic class I NDV strains, we were considering the possibility of them being candidate-attenuated vaccines against prevalent virulent NDVs. In this study, based on their safety profiles, we tested the protection efficacy of the 2 isolates and LaSota against the challenge of a virulent NDV strain (CK-JSX1), which belongs to genotype VII of class II. The results showed that the 2 isolates and LaSota can provide 100% protection for chickens from clinical symptoms after they are challenged by CK-JSX1. In addition, chickens vaccinated with CK/GX/65/15 and CK/GX/26/15 produced similar levels of antibodies to those vaccinated with LaSota, which indicated that the antigenicity difference between LaSota and the 2 isolates does not suffice to affect their protective effect against the class II virulent NDVs. Previous studies have shown that an NDV vaccine being able to reduce morbidity and mortality in the infected animals does not mean that it can inhibit virus shedding, but the genotypic similarity between the vaccine and the target virus can help reduce virus shedding and transmission (Miller et al. 2009 ). Some previous studies report that vaccinations with LaSota against heterogenotypic NDV isolates cannot prevent viral shedding (Liu et al. 2003; Miller et al. 2007) . In this study, it is clear that vaccinations with the 2 isolates can reduce virus shedding compared with LaSota, implying that the protective effect of lower homology vaccine strains is not necessarily worse than that of higher homology. These findings are consistent with the results of recent research showing that 2 vaccines generated by reverse genetics were able to protect chickens against the disease and to prevent viral shedding by homologous or heterologous virulent strains (Liu et al. 2018 ). Thus, it will be a new thinking direction for developing vaccines with class I NDVs.
To sum up, the genomes of 2 wild-type NDV isolates were analyzed in our study, which were isolated from chickens. They were described as genotype 3 in class I according the phylogenetic analysis, rather than 3a and 3b in genotype 3. On the one hand, these molecular characteristics of the isolates provide useful information to explain the evolution of class I NDVs for further prevention. On the other hand, the 2 isolates could provide better protection against virus shedding than LaSota. It is sure that 2 isolates may be satisfactory potential vaccine candidates for the control of NDV. However, the protection efficacy of the 2 strains on chickens and other birds against different genotype NDV strains needs to be further explored. In addition, it is urgent to continue to monitor how class I NDV strains develop and take necessary steps to control the threat of ND. 
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